[1] We use a simple photochemical model of Mars' ionosphere to investigate the changes in calculated electron density profiles, Ne(h), under the assumption that the only variable parameter is the solar irradiance. The period under study is 9-27 March 1999, corresponding to a series of Ne(h) observations made by the Mars Global Surveyor (MGS) Radio Science (RS) experiment. The SOLAR 2000 model is used to obtain the solar irradiances during this period. Secondary ionization is included and is expressed as a simple function of photoionization. The model uses several neutral gas species, five of which (CO 2 , N 2 , CO, NO, O) experience photoionization. Subsequent ion-neutral chemistry leads to an ionosphere with five ions species. Using average solar conditions for March 1999, good agreement was obtained between the model's mean electron density profile and the mean electron densities from the MGS observations. Modeling day-to-day changes using daily solar irradiance values resulted in $6% and 19% variabilities for the major and secondary layer peak densities, respectively, in good agreement with the observed values of 5 and 10%. The variable photon flux from the Sun is thus the primary driver of day-to-day changes in the peak electron densities on Mars. 
Introduction
[2] The ionosphere of Mars offers a rich blend of space plasma and aeronomic processes over a small range of heights. With no global magnetic field to hold off the solar wind, the topside ionosphere can have its ''ionopause'' between $300 and $500 km, depending on the strength of the solar wind [Vignes et al., 2000; Crider et al., 2001; Vignes et al., 2002] . The neutral atmosphere at these heights is almost entirely atomic oxygen at low number densities (10 7 -10 6 atoms/cm 3 ) that comprise an escaping corona [Fox, 1997] . The ionosphere at these heights is not produced locally by the photoionization of O but rather by upward diffusion of O 2 + ions produced at lower altitudes [Nagy and Cravens, 2002] . Near 200 km, the atmospheric scale height and the mean free path for neutrals are approximately the same, and this is the base of the exosphere. Several scale heights below, at ∼125-135 km, there is an ionospheric peak, followed by a secondary layer at $90-110 km. Below ∼80 km, there is negligible ionization.
[3] Compared with the terrestrial case, the above description comes from a remarkably sparse database. Models of early datasets have, nevertheless, provided a firm basis for our physical understanding of the planet's upper atmosphere.
The region of peak density near 135 km occurs in a neutral background density of $10 11 molecules/cm 3 , conditions familiar to modelers of the Earth's E-region. Under such conditions, the time constants for photochemical processes (production and loss) are shorter than for plasma diffusion, and thus ionospheric structure in latitude and longitude are well modeled by solar zenith angle and local time using the relatively simple ''Chapman equations'' for photochemical equilibrium (i.e., no plasma transport) for a single-species atmosphere, as described by Rishbeth and Garriott [1969] , Banks and Kockarts [1973] , and Schunk and Nagy [2000] . In practice, more sophisticated codes are used, ones with multiple species for photoproduction, subsequent ion-neutral transformations, and multiple loss paths, to describe the general photochemical behavior of the Martian ionosphere. Fox et al. [1995] have given a comprehensive description of solar cycle effects using a one-dimensional (1-D) model, while the general circulation model (GCM) approach has been used for seasonal and solar cycle conditions by Bougher and Roble [1991] , Bougher et al. [1999 Bougher et al. [ , 2000 Bougher et al. [ , 2002 , and Winchester and Rees [1995] .
[4] In this paper, we use the photochemical framework in a first study of day-to-day ionospheric variability patterns on Mars, modeling observations from the Mars Global Surveyor (MGS) satellite. Figure 1 shows 17 daily Ne(h) profiles obtained at Mars in March 1999 [Mendillo et al., 2003] . Our goal is to see if the day-to-day variability in solar irradiance on those days can account JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A10, 1383 , doi:10.1029 /2003JA009973, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2003JA009973$09.00 for the $5% variability at the main peak and the $10% variability in the secondary layer.
Modeling

Approach to Modeling a Specific Mechanism
[5] To study the effects of one parameter in a multifaceted system, it is clearly best to hold all others constant. Thus while changes in solar irradiance will cause some changes in the altitude profiles of Mars' upper atmospheric constituents, as well as modify its thermospheric temperature, we will fix those parameters in order to isolate the effects of ionization from a changing solar photon source. As reviewed recently by Bougher et al. [2002] , there are diurnal, seasonal, and solar cycle effects in the Martian thermosphere, and thus changes in solar input conditions obviously matter. Compared with the terrestrial case, however, they are rather modest in magnitude and particularly so near 135 km and below. Adopting a fixed thermosphere for our study thus has its limitations, but it should illuminate clearly how day-to-day solar irradiance changes affect ionospheric production on Mars and consequently the variability of its electron density profiles.
Model Description
[6] To model Mars' basic ionospheric structure in the photochemical framework, we solve the standard ion continuity equation for production and loss,
where N represents ion density, P its production rate from a parent neutral, and L represents its loss processes.
Equation (1) is valid when chemical time scales are small compared to transport time constants.
[7] The loss rate of a given ion is proportional to its original abundance, L = RN, with R (units s
À1
) representing the loss rate due to ion-molecule reactions (R = b) and/or dissociative recombination (R = a N e ), where a and b are the usual Chapman parameters for loss. Equation (1) then becomes a first-order linear differential equation. Under the assumption that P and R are constant, which is valid over a sufficiently small time range, the solution of equation (1) can be expressed as
or, replacing t with Át,
where ÁN is the change in N over the time interval Át. Our method is more accurate and more stable than the basic approach (ÁN = [P À R]Át), which assumes a constant rate of change over each interval. Sometimes, this produces computational instabilities where ÁN may ''overshoot'' the natural equilibrium of N = P/R. Equation (2), on the other hand, includes the realistic asymptotic approach to equilibrium in each time step, allowing for larger and more accurate time steps without computational instability.
[8] A set of five main neutral species is used (CO 2 , N 2 , O, CO, and Ar), with altitude profiles corresponding approximately to the MGS observations in March 1999, a period of moderate solar activity (average F10.7 $ 130). We have taken the neutral atmosphere in the work of Fox et al. [1995] for solar maximum conditions as the most appropriate ''fixed atmosphere'' available in the published literature for our computational experiments. Minor species (NO, He, H 2 , H) were obtained from A. Nagy (private communication, 2002) . The calculations are conducted using spherical geometry for the planet, with solutions to the continuity equation for production and loss using five ion species. ) from 80 to 400 km. The use of such high altitudes (heights probably above the ionopause) is needed for the correct calculations of solar photon attenuation down to the photochemical regime. However, we portray the resultant Ne(h) profiles from the model only to a height of 200 km, and our interest is centered primarily on heights below 150 km where photochemistry dominates.
[9] Table 1 summarizes the 15 chemical reactions used and their rate coefficients. The electron temperature is needed for some of the reaction rates, and we assume it is equal to the neutral temperature, an approximation valid particularly at lower altitudes. Ionization due to photoelectrons (i.e., secondary ionization) has not been calculated directly. Instead, we parameterize it as a fraction of the primary photoionization. For altitudes higher than 120 km, a ratio of secondary ionization to photoionization of 0.3 is used; at lower altitudes the ratio is 10. This approximation is consistent with the approach presented by Fox et al. [1995] .
[10] For solar production we use the SOLAR 2000 model, version 1.24 [Tobiska et al., 2000; Tobiska, 2003 ], an empirical model of the full solar spectrum that draws upon ground-based and satellite measurements available for each day. The irradiances are presented in 39 wavelength bins, from 1.8 nm to 105 nm. The top of our neutral atmosphere is at 400 km. Neutral species will absorb solar radiation and the remaining flux will ionize some of them. Absorption and ionization cross sections from 5 to 100 nm are taken from Schunk and Nagy [2000] . For the lower two bins (from 1.8 to 5 nm) the ionization cross sections are calculated from the analytic fits of Verner et al. [1996] . Finally, in March 1999, Mars was nearly in opposition and so the Earth-appropriate (1 AU) output from SOLAR 2000 was adjusted only by the distance correction to Mars' orbit at 1.52 AU.
[11] As a demonstration of model output, we show in Figure 2 the wavelength-dependent ionization profiles for CO 2 under conditions of an overhead Sun. Because of the rapid conversion of CO 2 + to O 2 + (see rate k 2 in Table 1 ), these are essentially the production profiles of Mars' major ion (O 2 + ). Note that the peak production is slightly below the height of unit optical depth and that the wavelength-integrated production rate has two peaks in altitude. There is no production of CO 2 + from the last six wavelength bins because the ionization potential for CO 2 (13.77 eV) requires photons with wavelengths < 90.04 nm. The main peak is produced by photons with l ffi 30-90 nm (dominated by the He line at 30.4 nm, as observed previously for Venus [Keating and Bougher, 1992] ), while the secondary peak is produced mainly by photons at l < 5 nm (see Fox et al. [1995] and Bougher et al. [2001] for discussions of the X-ray control of the secondary peak (or ledge) in the Martian dayside ionosphere).
Model Results
[12] As described in Figure 1 , the MGS observations in March 1999 relate to rather unusual conditions (summer solstice, with early morning solar illumination at high latitude). These are dictated by the Earth-Mars-MGS occultation geometry and are not ideal conditions for modeling. Our approach therefore is to use the model for both the MGS observation point, as well as the latitude of the subsolar point (24°N). This will provide a contrasting test case between a ''regular'' photochemical layer for which the solar zenith angle changes dramatically in the course of a day versus the MGS polar summer condition of minimal diurnal variation in solar illumination.
[13] Figure 3a shows the model's noontime electron density profile for average SOLAR 2000 irradiance conditions in March 1999 at the subsolar point on Mars (24°N). The computed Ne max value would thus correspond to the highest electron density to be found on the planet at that time. Note the appearance of two layers, with the peak height at ~120-130 km and a secondary ledge at ~90 km. In Figure 3b , the full diurnal cycle for peak density is shown. The typically symmetrical daily pattern associated with a photochemically dominated ionospheric layer is clearly evident. Figure 3c gives the results from a similar computation of the profile at latitude 71°N and 0400 local time, the average location of MGS observations in March 1999. The main and secondary peaks are found at higher altitudes, 138 km and 100 km, respectively, due to the higher solar zenith angles. Figure 3d gives the corresponding diurnal pattern for Ne max at that location. Note the presence of significant ionization during the nighttime hours, a consequence of the presence of the Sun above the horizon at this location. The mean of the MGS observations for both Ne(h) and Ne max taken from Figure 1 are also shown in Figures 3c  and 3d , respectively. The comparison of absolute values is favorable (especially near the peak), providing confidence that the limited number of species and reactions in the model, plus the chosen neutral atmosphere, are acceptable for variability studies.
[14] There are also some simple checks possible to see if the numerical results in Figure 3 are in agreement with basic Chapman theory. For example, the ratio of electron density values at 71°latitude for midnight and noon conditions should depend only on the ratio of (cosc) 1/2 at each time, where c is solar zenith angle. From Figure 3b . Their ratio is $3.1, while the ratio of the square roots of their cos c values is $3.0. This provides additional confidence in the model's representation of basic photochemical processes.
[15] The results in Figure 3 are also in overall agreement with past modeling studies for MGS observations. In Figure 3c , the magnitude of the secondary ledge is noticeably smaller than the observations. The source of this difference could be the uncertain way we are handling the secondary ionization parameter or the value of the XUV irradiance. Additional X-ray ionizing radiation may help to increase the value of the secondary ledge [Bougher et al., 2001] .
[16] Confident that the model reproduces mean behavior, we now present in Figure 4 , the solar photon flux in 39 bins of wavelength from the SOLAR-2000 model output for each of the 17 days shown in Figure 1 . The variability is quite evident in practically all the bins in the EUV and XUV spectrum. During this month, an active region on the Sun resulted in an F10.7 radio flux (the traditional indicator of solar activity) of $120 units on the 9th, reaching a maximum of $153 from the 15th -18th, and then decaying to $105 on the 27th. These are not modest changes in solar flux, and are more typical of portions of a full solar cycle. In Figure 5a , we present the results of using the 17 daily solar spectra from Figure 4 in model calculations for 71°N and 0400 local time. The observed variability in electron density at the peak was $5% and $10% at the secondary peak (both computed from the mean of the observed profiles in Figure 1c ). The variability from the model (Figure 5b ) is $6% at the peak and $19% at the secondary peak (computed from the model's mean curve in Figure 3c ). The calculated main peak variability matches the observed variability rather well; for the secondary ledge, however, the variability from the model is larger than observed. There are several possible sources for this: (1) the simple param- Figure 1 is also shown in Figure 3c and its peak density is shown in Figure 3d . eterization of secondary ionization, (2) the high variability in the small wavelength bins in SOLAR2000 (X-ray emission below 5.0 nm is not well modeled by the F10.7 coronal proxy used in SOLAR2000 v1.24), and (3) the use of a constant neutral atmosphere. We notice that in the model the secondary peak is a well-defined feature and always present in the electron density profiles, while the observations show it more as a ledge or shoulder that sometimes is not even present. Clearly, more work is needed for a more complete understanding of ''bottomside'' electron densities on Mars.
[17] A reverse situation occurs between observations and model results when layer heights are examined. The altitudes of the main and secondary peaks do not change in the model, while there are evident variations in the observed profiles. This is readily understood as due to the fixed neutral atmosphere used in the model. Any vertical motions of the atmosphere would results in vertical displacements of the heights of the peaks, as shown clearly by Bougher et al. [2001] . Photochemical processes are independent of actual heights, i.e., an ionospheric peak forms at a constant optical depth (t) not at a constant height, and thus ionospheric peaks occur at constant column-content levels [Mendillo et al., 2003] .
[18] Finally, we note that the topside electron densities in Figure 5a are larger in the model than in the MGS observations in Figure 1 . Topside variabilities (Figure 5b ) are smaller than observed (Figure 1b) . Again, these are due to the inappropriate use of a purely photochemical model at altitudes where plasma diffusion can be significant, as pointed out also by Bougher et al. [2001] in their photochemical modeling of MGS data. Other processes not considered in our model, and ones that could affect absolute electron densities above the peak and their day-to-day variabilities, are (1) uncertainties in the He 30.4 nm fluxes that dominate topside production (see Figure 2) , (2) topside effects related to solar wind interactions with the ionosphere, and (3) the influence of crustal magnetic fields (as recently described by Ma et al. [2002] ). For future studies of day-to-day variability in the upper ionosphere and especially in the Southern Hemisphere these processes certainly need to be included.
Summary and Conclusions
[19] Results from a basic photochemical model reproduce in a satisfactory way the observed peak electron densities from the MGS RS experiment for the period 9 -27 March 1999. A main peak of $8.5 Â 10 4 el/cm 3 was produced at $140 km and a secondary ledge of $2 Â 10 4 el/cm 3 at $105 km, both at $0400 LT and a latitude of $71°degrees. Moreover, using daily spectra from a solar irradiance model, the observed day-to-day variability in the MGS observations was also reproduced. While our main concern was to explain the behavior of the main peak density and its variability, issues remain for the low-altitude peak that the model reproduced less satisfactorily. With the inclusion of new X-ray data from the SNOE and TIMED satellites for the lower wavelength bins in SOLAR2000, an improved agreement should be obtained. The model also used a constant neutral atmosphere, and thus changes in the peak heights of the layers due to atmospheric motions could not be addressed. Nevertheless, the results show that photochemical processes, long known to dominate the average structure of Mars' ionosphere [Hantsch and Bauer, 1990] , are also the framework for understanding day-to-day variability.
